Abstract
Introduction

36
Ten percent of all investigated insects harbour bacterial symbionts which serve an essential 37 function by supplying nutrients to their hosts (1-4). These obligate (primary) symbionts are 38 vertically transmitted from mother to offspring and usually reside in specialized host cells, the 39 bacteriocytes. This long-term association led to co-speciation of symbionts and insect hosts. One 40 of the best-studied obligate symbionts is Buchnera aphidicola, which infected an ancestor of 41 modern aphids (Insecta: Hemiptera: Aphididae) more than 180 million years ago (1, 5, 6) and 42 provides its insect partner with essential amino acids lacking in the host diet (7-9). Moreover, 43 facultative (secondary) symbionts co-residing in bacteriocytes or located in other tissues were 44 recognized in various insects such as whiteflies, psyllids and aphids (10-13). Facultative 45 symbionts provide protection against heat stress and natural enemies, but may also be involved in 46 host nutrition (1, 14, 15 live exclusively on various conifers where they feed on parenchyma cell sap or phloem (16). To 50 date, bacteriocyte-associated symbionts of only few Adelges species have been investigated on 51 the molecular level (17) (18) (19) . In contrast to their aphid sister group, these insects harbour 52 surprisingly diverse symbionts belonging to the Gammaproteobacteria and the 53
Betaproteobacteria. While aphids generally contain a single obligate symbiont that coevolved 54 with its host (1), adelgids seem to have a more complex evolutionary history involving multiple 55 symbiont acquisition and replacement events (17) (18) (19) . 56
57
The pine bark adelgid Pineus strobi (Hartig 1837) feeds on the outer tissue of the phloem of 58 pines (Pinus spp.; 16, 20) . Early histological studies demonstrated coccoid and polymorphic 59 symbiont morphotypes in single and multinucleated bacteriocytes, respectively (21, 22 ). Here we 60 investigated whether P. strobi harbours symbionts that are phylogenetically related to known 61 symbionts of other adelgids of the Adelges clade, or whether distinct symbionts were acquired 62 during evolution. 63 64 Methods cloned with TOPO TA and TOPO XL cloning kits (Invitrogen Life Technologies) and sequenced 96 with vector specific primers. For phylotype 2, additional symbiont-specific primers (listed in 97 Table S2 ) were employed in standard PCR reactions to obtain a near full-length 16S rRNA gene 98 sequence. Sequencing was performed using an ABI 3130 XL genetic analyzer and the BigDye 99
Terminator kit v3.1 (ABI). 100
101
Phylogenetic analyses 102
The obtained 16S and 23S rRNA sequences were submitted to BLASTn similarity searches 103 against the GenBank database (24). Sequence alignments were performed and manually curated 104 by using the software package ARB (25). Only alignment positions conserved in at least 50% of 105 all sequences were considered in phylogenetic analyses. Three approaches were used for 106 phylogenetic reconstruction. We used maximum likelihood (ML) in PhyML v. 3.0 (26), Bayesian 107 inference (BI) by MrBayes v. 3.2.1 (27) with the best-fit model of evolution (GTR+I+G) selected 108 by JModelTest 2.1.3 (28). Six gamma categories were used. PhyML estimated nucleotide 109 frequencies, the gamma shape parameter and the proportion of invariable sites; and optimized 110 tree topology using a BIONJ tree as a starting tree. In MrBayes, two independent analyses were 111 run from different random trees until they reached stationarity and convergence (average standard 112 deviation in split frequencies were lower than 0.01). Trees resulted by the first 25% of 113 generations were discarded. Additionally, we employed a non-stationary non-homogenous model 114 implemented in nhPhyML which allow variable substitution rates and base composition among 115 lineages (29). Bayesian and maximum likelihood trees were used as input for the analyses. 116
Transversion/transition ratio and gamma shape parameter were estimated by nhPhyml; five 117 equilibrium frequency categories were employed. 118
6
The obtained coI and ef1alpha sequences were concatenated and analysed with a reference 119 dataset using ARB (25), PhyML (26), and MEGA (30) as described (17; Fig. S2 ). 120
121
Fluorescence in situ hybridization 122
To confirm the identification of the two symbionts and to correlate observed phylotypes with 123 morphotypes fluorescence in situ hybridization (FISH) was performed on eggs and exules of both 124 populations as described earlier (18). Briefly, samples were fixed in 4% paraformaldehyde for 4 h 125 at 4°C. Symbiont-specific probes were designed with the program ARB and were used together 126 with a general bacterial probe. Specificity of probes was tested with increasing formamide 127 concentrations in the hybridization buffer. Probe sequences and optimal formamide 128 concentrations are listed in Table S2 . Samples were hybridized for at least 1.5 hours and were 129 analysed on the same day with a laser scanning confocal microscope (Zeiss LSM 510 Meta and 130 Leica TCS Sp8). 131
132
Results
133
Ultrastructure of bacteriocyte-associated symbionts in Pineus strobi 134 Two natural adelgid populations were sampled from pine trees (Table S1 ). Phylogenetic analyses 135 of concatenated coI and ef1alpha sequences indicated that the adelgids from both populations 136 were affiliated to P. strobi of the family Adelgidae (Fig. S2) . TEM analysis revealed 137 bacteriocytes located in proximity to the gut in the insect abdomen (Fig. 1A) . Two 138 morphologically different symbiont types, coccoid and polymorphic were located in distinct 139 densely packed bacteriocytes. Morphologically similar symbionts have recently been described 140
for Adelges nordmannianae/piceae (18). The polymorphic and the coccoid morphotype had a 141 length of 1.8 -5.2 µm and 0.9 -3.6 µm, respectively. Coccoid bacteria showed an electron-142 on January 13, 2018 by guest http://aem.asm.org/ Downloaded from translucent granular cytoplasm, while the cytoplasm of the polymorphic symbionts was more 143 homogenous and electron-dense (Fig. 1) . Both bacterial morphotypes were surrounded by a 144
Gram-negative type cell wall and by a host-derived membrane, the so-called symbiosome 145 membrane (Fig. 1C, D , and E). Similarly to other intracellular symbionts of insects (31), cell-wall 146 structure of the polymorphic symbiont seemed to be reduced, as it was enclosed by three layers 147 corresponding to the inner and outer membranes and the symbiosome membrane, respectively 148 (Fig. 1E) . In case of the coccoid symbiont, a fourth layer was apparent between the inner 149 membrane and the outer membrane, possibly representing peptidoglycan (Fig. 1D ). In addition, 150 membrane vesicles were present between the outer membrane of the coccoid symbionts and the 151 symbiosome membrane (Fig. 1C, D 'Candidatus Purcelliella pentastirinorum', respectively (Fig. 2B) . 190
191
In situ localization of 'Candidatus Hartigia pinicola' and 'Candidatus Annandia pinicola ' 192 The two bacterial morphotypes observed by transmission electron microscopy were readily 193 detected by FISH with 16S rRNA and 23S rRNA-targeted oligonucleotide probes specific for 194 each of the two phylotypes (Fig. 3) . The obtained 16S and 23S rRNA sequences could thus be 195 assigned to the coccoid (phylotype 1) and the polymorphic symbionts (phylotype 2), respectively. 196
All bacteria within the bacteriocytes were stained with either of the symbiont-specific probes, 197 demonstrating the absence of additional bacteria. Both symbionts were detected in the exulis life 198 stage ( Fig. 3A and B) as well as in eggs ( the Adelges tsugae symbiont 'Candidatus Annandia adelgestsuga ' (19) (Fig. 2) . Thus these two 234 symbionts likely originate from an ancient symbiont already present in the ancestral adelgids 235 before they diversified into the two major lineages, Adelges and Pineus, ~88 million years ago 236 on January 13, 2018 by guest http://aem.asm.org/ Downloaded from (16, 47) (Fig. 4) . A long-term association between adelgids and this symbiont lineage is also 237 supported by long branches of Annandia symbionts in phylogenetic analyses, their universal 238 occurrence in A. tsugae (19) and P. strobi populations and congruent phylogeny observed 239 between 'Candidatus Annandia adelgestsuga' and its host populations earlier (19). However the 240 relationship of 'Candidatus Annandia pinicola' and 'Candidatus Annandia adelgestsuga' to other 241 insect symbionts remains uncertain. One of their closest relatives is B. aphidicola, which might 242 indicate their origin from a symbiont harbored by the ancestor of adelgids and their aphid sister 243 group, but this hypothesis is not well supported by the current data and needs further 244 investigations including the analyses of additional genes and adelgid species. 245 246 'Candidatus Hartigia pinicola', the second symbiont of Pineus strobi represents a novel symbiont 247 lineage among adelgids, which is not closely related either to known symbionts of adelgids or 248 any other sternorrhynchan insects such as aphids, psyllids, scale insects or whiteflies. Whether 249 this symbiont is obligatory for the host insect or occurs occasionally as a facultative symbiont is 250 unknown. Nevertheless, given its sequence similarity (>95% at the 16S rRNA level) to free-251 living bacteria and its well-preserved cell wall it might represent a more recent association with 252 P. strobi, which fits well to previous observations suggesting a complex evolutionary history of 253 adelgids and their symbionts (17) (18) (19) . 254 255 Each adelgid species investigated so far contained two bacteriome inhabiting symbionts (17-19), 256 similar to the situation seen among many members of the suborder Auchenorryncha (Insecta: 257 Hempitera). Planthoppers, leafhoppers, treehoppers, cicadas and spittlebugs share an ancient 258 symbiont 'Candidatus Sulcia muelleri' (Bacteroidetes) (48) which typically co-occurs with 259 different symbiont lineages in major insect groups, for instance with 'Candidatus Baumanniacicadellinicola' in sharpshooters (49) or 'Candidatus Zinderia insecticola' in spittlebugs (50) 261 respectively. These joint symbionts are co-obligatory and coevolved with their respective hosts. 262
263
The role of adelgid symbionts in host ecology is still unknown. However, taking all available 264 data together (17-19), a picture is beginning to emerge in which, compared to other plant-sap 265 sucking insects, the diversity of bacteriocyte-associated symbionts of adelgids is much larger 266 (Fig. 4) . So far, seven symbiont lineages were identified among six adelgid species (17-19), 267 which suggest multiple symbiont acquisition and symbiont replacement events during the 268 evolution of adelgids (Fig. 4) 
